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a b s t r a c t
Charge state spectra of Ne ions generated by photoionization from 2 to 3.3 keV X-ray with Ne atoms
have been measured by the PEPICO technique. Relative abundances of Neq+ ions in charge state up to 5+
were obtained. A comparison with other experimental and theoretical data is presented. In addition, by
combining the present data with various theoretical and experimental data, we have shown that double
ionization of Ne atoms by fast electron impact occurs mainly via outer-shell ionization.
© 2010 Elsevier B.V. Open access under the Elsevier OA license.ACS:
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. Introduction
The photoionization of atoms and ions constitutes primary pro-
esses of physics. The photoelectron effect, where a photon is
otally absorbed by the target, is the main mechanism for pro-
uction of singly charged ions at low photon energies up to some
eV. Double and multiple photoionization are only possible via
lectron–electron correlation. Hence, the study of photoionization
llows to obtain knowledge on the coupling among the initial and
nal target states. From the experimental point of view, obtaining
ultiple ionization cross sections or multiple ion yields, is always
serious challenge. Since the pioneering works of Carlson et al. [1],
ome effort has been made to establish accurate data, primarily
or noble gases [2]. In spite of this, there are still some differ-
nces between the data for diverse experimental and theoretical
roups. All together, valuable information on the production of
ultiply charged ions has been considerably obtained during the
ast years. For instance, the kinetic energy of the singly and mul-
iply charged fragments created after the production of single K
hell vacancy in atoms is known to be small in the range of charac-
eristic thermal energies [3]. This fact was discussed as a possible
pplicationof the so-called “scapel”methodof atomic spectroscopy
nd collision physics, in astrophysics and in chemical–physics
cattering experiments. For a comprehensive review on pho-
∗ Corresponding author. Tel.: +55 21 25627732; fax: +55 21 25627468.
E-mail address: toni@if.ufrj.br (A.C.F. Santos).
368-2048 © 2010 Elsevier B.V. 
oi:10.1016/j.elspec.2010.12.002
Open access under the Elsevier OA license.toionization of noble gas atoms the reader is referred to
Ref. [4].
Anadditionalmotivation for thepresentwork is the relationship
between the ionization by impact of fast charged particles and pho-
toionization that has long been studied [5]. Photons and charged
particles interact with matter by real and virtual electromagnetic
ﬁelds. Hence, both interactions involve real and virtual photons,
respectively, and are intensively conjugated to each other because
electromagnetic ﬁelds of charged particle are analogous to a short
photon pulse. In collisions of a fast charged particle with a target
electron, the interactioncanbe replacedbyanequivalent-spectrum
of virtual photons. Thus, in the realm of the method of equiva-
lent photons, a connection between the cross sections for multiple
ionization by a single photon and a charged particle can be made.
In this paper, we report on experiments on the production of
multiply charged Ne ions created in vacancy cascades subsequent
to the production of single K edge vacancies in Ne from the Lab-
oratório Nacional de Luz Síncrotron (LNLS) SXS beam line in the
energy range from 2000 to 3300eV. In Section 2 the experiment
is brieﬂy described, in Section 3 the results are presented, and in
Section 4 we combined the present results with various theoretical
and experimental data in order to obtain the multiple-ionization
mechanisms in fast electron–neon collisions.2. Experiment
The experimental apparatus has been described in detail else-
where [6], see also Ref. [7]. A time-of-ﬂight mass spectrometer
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ig. 1. Typical Ne ions time-of-ﬂight charge-state distributions following K-shell
acancy production. The mass resolution allowed a clear isotope separation.
TOF) was used for the charge analysis of the resulting ionic
ragments. The TOF was designed to have a maximized efﬁciency
or ions with energies up to 30eV. The Photo-Electron–Photo-
on COincidence (PEPICO) technique has been used to acquire the
ass spectra. The vacuum chamber base pressure was usually
aintained in the order of 10−9 Torr. We have used synchrotron
adiation from the SXS beamline (1800–3500eV) at the Brazilian
ynchrotron Light Laboratory (LNLS). The partial ion yields (PIY)
ere obtained by recording the ions produced after interaction of
he linearly polarized light with neon atoms at X-ray photon ener-
ies. During the experiment, in order to avoid undesirable charge
ransfer between the recoil ion and the background, the pressure
as kept constantly below 10−5 Torr. The ionized recoil fragments
roduced by the interaction with the light beam, are accelerated by
two-stage electric ﬁeld and detected by two micro-channel plate
etectors in a chevron conﬁguration after being mass-to-charge
nalyzedbya time-of-ﬂight spectrometer. Theejectedelectronsare
ccelerated in the opposite direction and recorded without energy
nalysis by two other micro-channel plate detectors giving rise to
he start signal. The present experimental set-up gives rise to a
ias, favoring the detection of high ion charge-states. The high volt-
ge (−4250V) applied on the front of the MCP detector assures the
ndependence of the efﬁciencies of the recoil ions on the ion charge
tate. The electron and ion detection efﬁciencies were taken from
ef. [8].
Using theproceduresoutlined, relativeyields for single andmul-
iple ionization of Ne atoms were determined. A typical PEPICO
pectrum is shown in Fig. 1. The charge state distributions are not
ensitive to the X-ray energy.
The relative intensities Iq+ for production ofNeq+ ions are related
o the partial cross-sections for multiple photoionization q+
h
by
q+ = Ihn(P)εq+q+h (1)
here Ih is the incident photon beam intensity, n(P) the target
ensity which is a function of the target pressure P, and εq+ is the
roduct of the efﬁciency for detecting a given ion of charge state q
y the efﬁciency for detecting at least one of the q electrons. From
q. (1), one ﬁnds
q+
h
+
= ε
+Iq+
εq+I+
(2)h
here +
h
is the single ionization cross section. For the present
pectrometer, the ion kinematics inside the TOF tube as well as the
fﬁciency of the MCP’s are essentially independent on the nature
f the ions. Notwithstanding, the present experimental set-upX-Ray Energy (eV)
Fig. 2. Partial ion yield of Neq+ ions following K-shell vacancy production as a func-
tion of the X-ray energy.
exhibits a high bias towards the detection of the multiply charged
ions. This bias is due to the fact that the larger the degree of ion-
ization is, the larger is the probability of detecting at least one of
the q-ionized electrons. It is also due to the fact that the smaller the
charge states of Ne ions are correlated to faster electrons, they are
detected with a small solid angle. In the present work, the relative
detection efﬁciencies, εq+/ε+, were obtained following the proce-
dure of our previous work [7], where the ratios of the detection
efﬁciencies, were determined for argon ions as a function of the ion
charge state q. In the present experimentalwork themain source of
uncertainties come fromthedeterminationof the relativedetection
efﬁciencies (∼5%) and the counting statistics of the ion intensities
(∼1–10%).
3. Results and discussions
From the PEPICO spectra, the partial ion yield of Ne, i.e., the
fractions of photoionization cross sections, can be obtained by inte-
gration of the corresponding peaks and normalization of the net
areas to the total number of events, Eq. (1). The partial ion yield of
ions in charge state q, PIYq+ is given by
PIYq+ = df
q+/dE∑
qdf
q+/dE
= I
q+/εq+∑
i=1I
i+/εi+
(3)
where
df q+
dE
= mc
e2h
q+
hv (E) (4)
is the differential dipole oscillator strength for an ionization tran-
sition, where q+
h
(E) is the q+ photo-ionization cross section.
Fig. 2 and Table 1 show the dependence of the relative ion yield
of Ne ions on the X-ray energy. Table 1 also presents the average
charge state production, 〈q〉 =
∑
qq
q+
hv /
∑
q
q+
hv as a function of the
photon energy. In the present energy range, the relative fractions
exhibit a weak dependence on the photon energy. For instance,
the yield of singly ionized Ne ions increases from 6.7% at 2200eV
to 12% at 3200eV. This fact can be understood as follows [9]: the
partial photoionization cross sections for 1s, 2s, 2p in Ne decrease
with the increase of the photon energy above 1keV. The partial
photoionization cross section of Ne 2 s is larger than that of Ne
2p above around 1keV. The decreasing slope for the partial pho-
toionization cross section of Ne 1s against the photon energy is
larger than that of Ne 2p, which yields that the branching ratio
of singly charged Ne+ increases with the increase of the photon
energy. Short [10] also who found higher low-q abundances than
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Table 1
Partial Neq+ ions in % and average charge state, 〈q〉 =
∑
q
qq+
hv /
∑
q
q+
hv , following
K-shell vacancy. The estimated experimental uncertainties are ∼5% for the most
intense ions up to ∼15% for the less intense ions.
Photon energy
(eV)
Ne+ Ne2+ Ne3+ Ne4+ Ne5+ 〈q〉±0.1
2210 6.7 71.3 21.2 0.80 0,056 2.2
2345 8.9 69.6 20.5 0.85 0,088 2.1
2480 11.7 67.8 19.7 0.79 0,065 2.1
2625 8.9 69.8 20.4 0.81 0,073 2.1
2760 11.3 67.6 20.1 0.87 0,119 2.1
2895 11.5 66.8 20.7 0.87 0,115 2.1
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charge state3030 12.3 66.6 20.2 0.81 0,088 2.1
3165 12.0 66.9 20.3 0.80 0,085 2.1
3207.6 12.0 67.1 20.0 0.81 0.075 2.1
arlson et al. [1] and Saito and Suzuki [11]. Saito and Suzuki [11]
ave shown that mean charge deviation of Ne increases slightly
ith the pressure, which was correctly explained as the increase
f the charge transfer at higher pressures. Even our raw Ne+ yield,
ithout detection efﬁciency correction, is larger (∼2%) than some
f the previously reported data. Whether this difference is due to
high discrimination towards low charge states in the previously
ublished data or to an overcompensation of the present detec-
ion efﬁciencies is uncertain. In a comprehensive study Bruce and
onham [12] and Tarnovsky and Becker [13] discussed all possible
ystematic errors in thedeterminationof cross-sections by electron
mpact with regard to the ratio of double to single charged argon
ons. The present data were acquired in the light of the suggested
recautions of the two above-mentioned papers. For comparison,
he previously reported mean charge state of Ne are: theoretical,
.20 [14], 1.98 [15,16], 1.91 [17]; experimental, 2.26 [1], 2.10 [11],
.3 [3,18].
. Comparison to electron impact data
The main dissimilarity of electron impact ionization and pho-
oionization is the vagueness of the interaction, i.e., the projectile
lectron delivers to the target electron only a fraction, E, of its
inetic energy, T, while the photon in the photoelectric interaction
ecomes totally absorbed in a single interaction event. Consider the
ingle and multiple ionization of Ne by a fast electron of velocity v,
nd kinetic energy T = 1/2mv2, where m is the electron mass. The
otal cross section for production of recoil ion in a charge state q can
e written in terms of the differential cross sections in the energy
oss E as
q+
e− (T) =
∫ T
Iq+
dq+e− (E)d(E)
d(E)
(5)
For sufﬁciently high incident electron kinetic energy, the ﬁrst
orn approximation is applicable and can be expanded in terms of
nverse powers of T as
q+
e− =
4a2oR
T
[
M2q+ ln
(
T
R
)
+ Cq+
]
(6)
here ao is the Bohr radius, R the Rydberg energy. The ﬁrst term
f the right-hand side of Eq. (6) is responsible for the optically
llowed (dipole) transitions and the second for the quadrupole
ransitions:
2
q+ =
∫ ∞
df q+ R
dE (7)
IP
dE E
2
q+ have contributions from one-electron but also from multiple
lectron transitions when one takes into account the correlation
etween atomic electrons [19].Fig. 3. Some representative charge state distributions after K-shell vacancy on Ne.
Squares, this work; triangles, Saito and Suzuki [10]; stars, Carlson et al. [1]; circles,
El-Shemi et al. [2].
The connectionbetween the impact of fast chargedparticles and
photoabsorption has long been discussed, see for instance [20–22]
and references therein. When the projectile velocity is large com-
pared to the bound target electron velocity and the projectile is
scattered at angles near zero, the momentum transfer is small. In
this case, the dipole regime dominates and a connection with pho-
ton impact data can be made. In fact, the interaction experienced
by the target electron with the incident charged particle of velocity
v, which takes place during a time interval tcharged∼b/v, where b
is the impact parameter, may be regarded as tantamount to a pho-
ton pulse, with the Fourier transform of the electric ﬁeld granting
the frequency components. The cut-off frequency fcutoff is inversely
proportional to tcharged. In fact, the results of Almeida et al. [23]
and Van der Wiel et al. [19], show that the measured cross sections
can be described by Eq. (3), and the dipole termdominates the elec-
tron impact single ionization cross sections, demonstrating that, in
the case of 2.0 keV electron impact, or even at lower energies, the
main contributions to the electron impact cross sections come from
distant collisions, involving small momentum transfer, i.e., one can
consider that the removal of the target electrons in this electron
impact energy range is sufﬁciently sudden.
The atomic ionization by fast electrons is dominated by the
direct ejection of a single target electron. Manson et al. [24] have
demonstrated that thedominantmechanism leading todouble ion-
ization of Ne by fast proton impact is due to direct outer-shell
ionization and not to Auger decay.
Higher charged states occur after the removal of an inner-shell
electron,where the residual iondecaysviaanon-radioactive (Auger
or Coster-Kronig) decay. Therefore, from the above considerations,
one envisages to perceive in sudden electron impact ionization
at small momentum transfer whatsoever correlation effects we
observe in photoionization. The q-fold multiple ionization cross
sections, q+e , can be written as a sum of contributions from dif-
ferent atomic orbitals, i.e.,
q+e =
∑
n
q+e,n (8)
where q+e,n is the q-fold electron impact ionization of a speciﬁc sub-
shell and the sum of n runs over all sub-shells of the target.By combining various experimental and theoretical results, it is
possible to estimate the relative contributions of the K, L1 and L2,3
shells to the multiple ionization cross sections of Ne by electron
impact (Fig. 3). This procedure is based on the connection between
charged particle and photon impact processes, assuming that the
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onization of Ne by fast electrons is sufﬁciently sudden. Thus, fol-
owing a similar procedure from Müller et al. [25], one estimates
he relative abundances of ions of charge state q from the nth sub-
hell, gqn, where qgqn =1, subject to the experimental constrain
qn/gq′n =PIYq/PIYq′ (Eq. (3)); the partial cross sections are given by
q+
e,n = gqnhvn . Thus, the electron impact multiple ionization cross
ection q+e for the q-fold ionization, Eq. (8), becomes
e
q+ =
∑
n
gqn
h
n (9)
here hvn is the nth subshell photoionization cross section. In Eq.
9), the gqn factors contain information on the intensity of the fre-
uency spectrum of the virtual photons, dN/d(h) [26], the orbital
onization energy and occupation number. The relative contribu-
ions PIYqn from the nth subshell can be calculated from the partial
ross sections
IYqn = 
q+
n∑
q
q+ =
q+n∑
q
∑
ngqn
h
n
(10)
The coefﬁcients gqn can be determined by ﬁtting the right side
f Eq. (10) to the electron impact experimental data in the left side
nd using the present ion charge states distributions as a result of
eorganization effects in inner-shell photoionized neon. The charge
tatedistributions for L1 andL2,3 were taken from[2] and references
here in. One can simplify the equations using simple arguments,
s follows: Ne has 3 sub-shells, L1, L2,3, and K. From the available
heoretical and experimental data, although the threshold for pro-
uctionofNe5+ is 349.3 eV, the cross sections for productionofNe5+
renegligibleuntil theK shell is energetically open. So, oneassumes
hat the relative abundance of Ne5+ from L1 and L2,3 shells is null,
.e., g5L = g5L2,3 = 0 and g5K =1. It follows that using the K-shell ion
ields, one obtains g4K, g3K, g2K, and g1K, and so on.
Fig. 4 shows the relative contributions of the K, L1 and L2,3 shells
o the multiple ionization cross sections of Ne by 2.0 keV (aver-
ge values from [7,19,27]) and 15.0 keV electron impact [27]. One
hould stress out that the partial ion productions either in the
lectron impact case or in the photoionization case, are very sen-
itive to the detection efﬁciencies εq+. Discrepancies of a factor of
have been reported when measurements by different groups are
ompared. These discrepancies generally increase with the charge
tate of the recoil ions. In order to minimize this dependence, the
qn factors were obtained using averaged values of PIY measured
y different groups in both electron impact and photon impact
ases, when existent. Consequently, the estimated gqn factors are
elieved to be correct within 10–30%, depending on the charge
tate. The production of multiply charged Ne ions is a consequence
ainly due to the multi-step processes including inner-shell ion-
zation and posterior Auger transitions of a thus singly ionized
tom, rather than from direct ejection of several outer-shell elec-
rons. For instance, at 2.0 keV (15.0 keV), 84% (86%) of single
onization comes from a ejection of a outer L2,3 electron [e− +Ne
1 s22 s22p6)→Ne+ (2p−1) + 2e−], 26% (14%) from the ejection of
L1 electron [e− +Ne (1 s22 s22p6)→Ne+ (2 s−1) + 2e−] and a neg-
igible contribution from the K-shell [e− +Ne (1 s22 s22p6)→Ne+
1 s−1) + 2e−]. It is well accepted that an Auger process follows
he K-shell ionization basically due to the very low ﬂuorescence
ield. The calculated total radiative yield for the decays of neon
fter K shell electron ionization is 0.02% [14]. In fact, the gqn fac-
ors are in good agreement with the fact that at high energies,
he electron impact cross sections of a speciﬁc sub-shell behaves
s (Nn/In)ln(T)/T [28], where In is the ionization energy of the
tomic orbital and Nn the orbital occupation number. In the case
f neon, IK =870.2 eV, IL1 = 48.5eV, IL2 = 21.7eV, IL3 = 21.6eV,
iving the values 86% (L2,3), 13% (L1), 0.72% (K).y and Related Phenomena 184 (2011) 38–42 41
In the case of double ionization by electron impact, there are
many different channels:
e− +Ne(1s22s22p6) → Ne2+(2p−2) + 3e− (a)
e− +Ne(1s22s22p6) → Ne2+(2s−12p−1) + 3e− (b)
e− +Ne(1s22s22p6) → Ne2+(2s−2) + 3e− (c)
which represent direct ionization of two outer-shell electrons,
the so-called TS-2 model, which is a second order process and is
expected to be negligible at high projectile velocities. Process (a) is
expected to dominate at lower projectile velocities.
On the other hand, ﬁrst order processes or post-collisional inter-
actions (PCI) play important roles at higher projectile velocities.
Those processes are independent of the nature of the primary ion-
ization. As a consequence, double ionization should posses the
energy dependence as single ionization. In the shake-off mecha-
nism, the ejected electron leaves the atom very fast. This instantly
changes the ﬁeld seen by the second electron and causes its ejec-
tion. The fast electron carries away almost all the transferred
energy, while the energy of the second electron is on the order
of the double ionization potential. In the TS-1 mechanism, the ﬁrst
electron is ejected due to the absorption of a photon. As it departs,
it knocks out the second electron. Thus the second electron has
an energy distribution similar to that found for impact ionization
by electrons having energies given by the photon energy minus
the ﬁrst ionization potential. It is important to note, however, that
these mechanisms are model dependent and it is not possible to
distinguish TS-1 from SO.
e− +Ne(1s22s22p6) → Ne+(2p−1)
+2e−(SOorTS-1) → Ne2+ +3e− (d)
e− +Ne(1s22s22p6) → Ne+(2s−1)
+2e−(SOorTS-1) → Ne2+ +3e− (e)
e− +Ne(1s22s22p6) → Ne+(1s−1) + 2e−(KLL) → Ne2+ +3e− (f)
The ejection of a electron via Auger process by ﬁlling a 2 s−1 hole
cannot occur – process (e) – for being a endoenergetic process [1].
Then, one should take into account the SO and TS-1 processes.
Our results suggest that 53% (60%) of double ionization
comes from a initial hole in the L2,3 shell and 43% (30%)
from L1 shell at 2.0 keV (15keV) and 7% from a K-shell elec-
tron [e− +Ne (1s22s22p6)→Ne+(1s−1) + 2e− →Ne2+ +3e−] (14% at
15.0 keV). Although one would expect a higher contribution from
L2,3 shell, our ﬁttings are very sensitive to the experimental charge
state distributions, which depend on the correct determination of
the detection efﬁciencies.
The L-shell ionization contributes to 93% (88%) to theproduction
of Ne3+ at 2.0 keV (15.0 keV) while the remaining 7% (12%) comes
from the ionization of a K electron. As can be observed in Fig. 4,
the production of Ne4+ and Ne5+ occurs mainly via a removal of a
K-shell electron accompanied by an Auger cascade.
5. Summary and conclusions
We have measured the Ne photoion charge state distributions
as a function of photon energy after a K-shell vacancy. The present
results show a higher production of singly ionized ions in com-
parison with other experimental results. This is a surprising result
since the present experimental set-up exhibits a high bias towards
the detection of the multiply charged ions. Whether this difference
is due to a high discrimination towards low charge states in the
42 A.C.F. Santos et al. / Journal of Electron Spectroscopy and Related Phenomena 184 (2011) 38–42
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By combining various theoretical and experimental data, we
ave shown that multiple ionization of Ne atoms by 2000eV elec-
ron impact occurs mainly via outer-shell ionization. At last, we do
nticipate that suchan investigation canbeemployed tomore com-
lex systems as well allowing to obtain further knowledge on the
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